Background: Several theories of schizophrenia have emphasized the role of aberrant neural timing in the etiology of the disease, possibly as a consequence of conduction delays caused by structural damage to the white-matter fasciculi. Consistent with this theory, increased inter-hemispheric transmission times (IHTTs) to unilaterally-presented visual stimuli have been reported in patients with schizophrenia. The present study investigated whether or not these IHTT abnormalities could be underpinned by structural damage to the visual fibers of the corpus callosum. Methods: Thirty three schizophrenia patients and 22 matched controls underwent Event Related Potential (ERP) recording, and a subset of 19 patients and 16 controls also underwent 3 T Diffusion-Tensor Imaging (DTI). Unilateral visual stimuli (squares, 2 × 2 degrees) were presented 6 degrees lateral to either side of a central fixation point. IHTTs (ipsilateral minus contralateral latencies) were calculated for the P1 and N1 components at parietal-occipital sites in current source density-transformed ERPs. The visual fibers of the corpus callosum were extracted with streamline tractography and the diffusion metrics of Fractional Anisotropy (FA) and Mode calculated. Results: While both subject groups exhibited highly significant IHTTs across a range of posterior electrode pairs, and significantly shorter IHTTs from left-to-right hemisphere than vice versa, no significant groupwise differences in IHTT were observed. However, participants' IHTTs were linearly related to their FA and Mode, with longer IHTTs being associated with lower FA and more prolate diffusion ellipsoids. Conclusions: These results suggest that IHTTs are estimable from DTI measures of white matter integrity. In light of the range of diffusion abnormalities that have been reported in patients with schizophrenia, particularly in frontal fasciculi, these results support the conjecture that schizophrenia is associated with abnormalities in neural timing.
Introduction
A unifying tenet of the "connectivity" theories of schizophrenia is that the disease is ultimately underpinned by abnormal interactions between brain regions, as opposed to abnormal brain regions per se (Friston, 1998) . Several "connectivity" theories have emphasized the role of aberrant neural timing in the etiology of schizophrenia (Andreasen et al., 1999; Bartzokis, 2002; Bressler, 2003; Phillips and Silverstein, 2003; Stephan et al., 2009) . It has been suggested that this aberrant neural timing could be caused by conduction delays arising from structural damage to the white-matter fasciculi that physically connect spatially disparate populations of neurons (Bartzokis, 2002; Fields, 2008; Whitford et al., 2010a) . This suggestion is supported by the facts that (a) a primary role of myelin is to increase the speed of neural transmissions (Baumann and Pham-Dinh, 2001) , (b) damage to the white-matter has consistently been shown to cause conduction delays or even blockages in vivo, such as characteristically occurs in multiple sclerosis patients with optic neuritis (Cuypers et al., 1995) , and (c) schizophrenia patients have repeatedly been shown to exhibit white-matter abnormalities, both in vitro with microscopy (Uranova et al., 2007) and in vivo with structural MRI (Whitford et al., 2007) and, more recently, Diffusion-Tensor Imaging (DTI) (Kubicki et al., 2007) . Thus there is reason to suspect that schizophrenia is associated NeuroImage 54 (2011 NeuroImage 54 ( ) 2318 NeuroImage 54 ( -2329 with neural conduction delays caused by structural damage to whitematter fasciculi.
While obtaining an accurate estimate of neural conduction velocities in vivo in the human central nervous system is problematic without the use of invasive intra-cranial electrodes, several previous studies have used electroencephalography (EEG) to estimate inter-hemispheric transmission time (IHTT) from the event-related potentials (ERPs) evoked by unilaterally-presented visual stimuli (Brown and Jeeves, 1993; Moes et al., 2007; Nowicka et al., 1996; Saron and Davidson, 1989) . IHTT has typically been calculated as the latency of an early ERP component (e.g., P1 or N1) measured at a posterior electrode site over the cerebral hemisphere contralateral to the visual stimulus (e.g., PO8 for a left-visual field stimulus) subtracted from the latency of the component measured at the homologous electrode site over the hemisphere ipsilateral to the stimulus (i.e., PO7 in this example). IHTT is an attractive measure for investigating the integrity of fiber tracts in vivo because its anatomical substrate, the visual fibers of the corpus callosum, is well-characterized. Visual stimuli are more commonly used than auditory stimuli in IHTT research because of the fact that in the auditory system, much of the inter-hemispheric transfer occurs prior to reaching primary sensory cortex (Kandel et al., 2000) .
There is some ERP evidence to suggest that schizophrenia patients exhibit abnormally long IHTTs to unilaterally-presented visual stimuli Endrass et al., 2002) . If these IHTT abnormalities are indeed underpinned by physical damage to the white-matter fibers connecting the visual cortices bilaterally, then schizophrenia patients might be expected to show DTI abnormalities in the visual fibers of the corpus callosum. However, while a number of studies have identified diffusion abnormalities in the splenium of the corpus callosum (Cheung et al., 2008; Foong et al., 2000) , including in fist-episode, antipsychotic-naïve patients (Gasparotti et al., 2009) , there have been no studies (to our knowledge) that have either used DTI to investigate the structural integrity of the visual callosal fibers explicitly in schizophrenia patients, or have investigated the relationship between IHTT and the integrity of the visual callosum fibers in schizophrenia patients. Indeed, despite the established qualitative relationship between the integrity of the corpus callosum and interhemispheric transfer, as evidenced by the IHTT abnormalities exhibited by acallosal individuals; (Bayard et al., 2004) , only one previous study (to our knowledge) has directly investigated their empirical relationship in healthy individuals. Westerhausen et al. (2006) estimated IHTT on the basis of the difference in P1-latency at electrodes O1 and O2 to unilaterally-presented visual stimuli, and paradoxically found that IHTT was negatively correlated with mean diffusivity in the splenium of the corpus callosum.
The present study had three primary aims. The first aim was to investigate the existence and extent of IHTT abnormalities to unilaterallypresented visual stimuli in patients with schizophrenia with a more rigorous methodology than has been employed previously, including using a dense electrode array, calculating IHTTs from multiple electrode pairs, and using Current-Source Density (CSD) transformed data. CSD (Perrin et al., 1987) is an improvement over using traditional voltage ERP measurements for estimating IHTT because it attenuates the effects of volume conduction and acts as a high-pass spatial filter, thus reducing the overlap between ERPs at contra-and ipsilateral electrode sites (Saron et al., 2003) . Also, CSD is reference-independent, meaning that the waveforms at different electrodes are not influenced by activity at a common reference electrode.
The second aim was to use fiber tractography in conjunction with DTI to a) precisely extract the visual fibers of the corpus callosum, and b) quantify their structural integrity on the basis of two complementary diffusion indices, namely Fractional Anisotropy (FA) and Mode. While the majority of previous DTI studies have quantified fiber integrity solely on the basis of FA (which is an index of the asphericity of diffusion), FA cannot, as noted by Hasan (2006) , determine the morphological underpinnings of this asphericity. FA, for example, is unable to distinguish between prolate diffusion (i.e., shaped like a cigar) and oblate diffusion (i.e., shaped like a pancake), despite their presumably different physiological bases. To distinguish between these scenarios, a diffusion index such as Mode is required (Ennis and Kindlmann, 2006) , and hence the present study used both FA and Mode to quantify the structural integrity of the visual fibers of the corpus callosum.
The third aim of the present study was to investigate the empirical relationship between neural conduction velocity (as estimated by IHTT) and the structural integrity of the conducting fibers (as quantified by the FA and Mode of the visual callosum fibers) in healthy individuals and schizophrenia patients. By elucidating this relationship, we hoped to shed light on whether schizophrenia could feasibly be associated with subtle conduction delays causing irregularities in the precise timing of neural discharges and consequent abnormalities in neural coherence (Fries, 2005; Spencer et al., 2003) .
Methods

Participants
Thirty-three patients with chronic schizophrenia (SZ) and 20 healthy control participants (HC) underwent EEG recordings. The SZ participants were recruited from out-patient, in-patient, day treatment and foster care programs at the Veterans Affairs Boston Healthcare System. Diagnosis of schizophrenia was made on the basis of the Structured Clinical Interview for DSM-IV (First et al., 1997) , and a review of the medical record. The HC participants were recruited from the general community, and matched to the patients on age, handedness (Oldfield, 1971) , parental socioeconomic status (Hollingshead, 1965) , and estimated premorbid intelligence, as assessed by performance on the Reading scale of Wide Range Achievement Test (WRAT-3) (Wilkinson, 1993) . A subset of 19 SZ and 16 HC participants also underwent Diffusion-Tensor Imaging (DTI). The demographic details for the SZ and HC participants (i.e., either in both the EEG and DTI components, or in the EEG component alone) are summarized in Table 1 .
Exclusion criteria for all participants were left-handedness, a history of electroconvulsive shock therapy, a history of neurological illness including epilepsy, a lifetime history of substance dependence or a history of substance abuse within the past 5 years, a history of steroid use, and estimated premorbid intelligence quotient below 75. Furthermore, HC participants were screened for the presence of an Axis-I disorder using the SCID-Non-Patient edition (First et al., 2002) , and were also excluded if they reported having first-degree relative with an Axis I disorder.
The study was approved by the Institutional Review Boards of the VA Boston Healthcare System, Brigham and Women's Hospital, and Harvard Medical School. After a detailed description of the study, each subject gave written informed consent to participate.
Stimuli and task
Participants were seated in a quiet, dimly-lit room, 1 m in front of a computer monitor on which the visual stimuli were presented. The visual stimuli consisted of a series of unilaterally-presented white squares on a black background. The squares (of visual angle 2 × 2 degrees) were presented for 82 ms on the horizontal meridian, with the inner edge of the squares 6.79 degrees lateral to a central fixation cross (see Fig. 1a and b). The fixation cross was continually present during each block of trials. On target trials, a red dot (0.82 degrees wide) was presented at fixation simultaneously with the lateral square (see Fig. 1c and d ). Participants were instructed to maintain their gaze on the central fixation cross and count the number of targets they saw. There were 4 blocks of trials, each consisting of 30 left visual field (LVF) non-target trials, 30 right visual field (RVF) nontarget trials, 8 LVF/target trials and 7 RVF/target trials, presented in pseudo-random order. Stimulus onset asynchrony was 624 ms. Each block took approximately 1 min to complete. Participants' data were not analyzed further if they missed 4 or more targets in one or more of the 4 blocks.
EEG acquisition
The EEG was recorded with a Biosemi Active-Two system using sintered Ag/Ag-Cl electrodes in an electrode cap at 71 standard scalp sites (DC-100 Hz bandpass filter, 512 Hz digitization rate). The DC offsets were kept below 25 mV. During data acquisition, all channels were referred to the system's internal loop (CMS/DRL sensors located in the parietal region) and off-line re-referenced to the left mastoid electrode. The bipolar vertical electro-oculogram (EOG) was derived from electrode Fp1 and an electrode below the left eye. The horizontal EOG was derived from electrodes on the left and right outer canthi.
EEG analysis
The epoching of the EEG data was performed with BrainVision Analyzer 2.0 (Brain Products GmbH). For each of the 300 trials presented to each participant, a 1 s epoch was extracted from 405 ms pre-stimulus to 595 ms post-stimulus. Further processing was performed using the Independent Components Analysis (ICA) Toolbox (Makeig et al., 1996) in Matlab (Mathworks, Inc.) and with custom software in IDL (ITT Visual Information Solutions). ICA was used to remove ocular and other artifacts. The single trial epochs for each subject were submitted to ICA, which typically resulted in an IC that accounted for eye blink artifact, and sometimes other ICs that accounted for other artifacts such as muscle artifacts. Artifact ICs were identified based on their characteristic topographies, time courses, and frequency distributions. The activations of the artifact ICs were set to zero and an inverse transformation was performed to return the single trial data to the voltage domain, minus the artifacts. The artifact criteria were: (1) N ±90 μV change in one time point; 2) amplitude range within an epoch exceeding 200 μV; and (3) horizontal EOG deviations exceeding calibration values for 1 degree of visual angle. Participants' data were not included in the data set if they had less than 200 epochs following artifact removal. The number of epochs retained per subject was (mean±standard deviation) 276± 27 for HC and 271± 21 for SZ. Only non-target trials were analyzed. Average ERPs were computed from the single-trial epochs for the LVF and RVF stimulus trials and transformed into CSD waveforms (Perrin et al., 1989) using the CSD Toolbox version 1.0 (Kayser and Tenke, 2006) (http://psychophysiology. cpmc.columbia.edu/Software/CSDtoolbox). Each participant's CSD waveforms were filtered from 1 to 15 Hz and baseline-corrected with a −100 to 0 ms baseline. The filter was of finite impulse response type, zero phase shift, with a 200 ms width, and passband weights determined in the frequency domain (Cook and Miller, 1992) . The filter was applied to the waveforms beginning at −200 ms so that the first filtered point was −100 ms. A peak-picking algorithm was used to identify the P1 and N1 ERP components based on changes in the slope (first derivative) of the waveform. The search windows for the P1 and N1 were selected based on the grand average CSD waveforms. The P1 peak was defined as the most positive CSD value from 75 to 200 ms, and the N1 peak was identified as the most negative CSD value from 125 to 225 ms. The P1 and N1 peaks were measured at the electrode sites at which they were maximal (P1: P7/ P8, P9/P10, PO7/PO8, PO9/PO10; N1: P5/P6, P7/P8, PO7/PO8, PO9/PO10). A schematic of the electrode pairs used in the P1 and N1 analyses, which were also the electrodes from which IHTT was subsequently calculated (described in section 2.7.3), is provided in Fig. 2 .
DTI acquisition
Diffusion-weighted images (DWIs) were collected on 3 Tesla GE Echospeed system (General Electric Medical Systems, Milwaukee, WI). DWIs were acquired using an echo-planar imaging sequence, and a double echo option to reduce eddy-current related distortions. To reduce impact of EPI spatial distortion, an 8-Channel coil and ASSET (Array Spatial Sensitivity Encoding techniques, GE) with a SENSE-factor (speed-up) of 2 was used. Eighty-five axial slices parallel to the AC-PC line covering whole brain were acquired, in 51 diffusion directions with b = 900 s/mm 2 . 8 baseline scans with b = 0 were also acquired. The scan parameters were: TR 17000 ms, TE 78 ms, FOV 24 cm, 144 × 144 matrix, 1.7 mm slice thickness, producing isotropic 1.7× 1.7 × 1.7 mm voxels. The total scanning time was approximately 17 min.
DTI analysis
All DTI analysis was performed with the 3D-Slicer software package (http://www.slicer.org, Surgical Planning Laboratory, Brigham and Women's Hospital, Boston, Massachusetts). The splenium was manually defined on the midsagittal slice and the two neighboring sagittal slices on each participant's FA image (Fig. 3a) . The voxels defined by this Region-of-Interest (ROI) were then used as seed voxels for deterministic (streamline) tractography. Streamline tractography followed the direction defined by the principal eigenvector, based on a Runge-Kutta second-order protocol, with a fixed step size of 1.5 mm. Tractography terminated upon reaching a voxel of FA b 0.25 (the stopping criterion), and a length criterion was also employed whereby fibers were excluded if they were shorter than 20 mm.
To ensure that only the visual fibers of the corpus callosum were extracted, one exclusion and one inclusion ROI were introduced, i.e., fibers were excluded if they passed through the exclusion ROI or if they did not pass through the inclusion ROI. The inclusion ROI (coronal) was placed through the posterior edge of the parieto-occipital sulcus, so as HCvsSZ, p = 0.87, 2 HCvsSZ, p = 0.82, 3 HCvsSZ, p = 0.89 4 HCvsSZ, p = 0.09, 5 HCvsSZ, p = 0.20 6 HCvsSZ, p = 0.82, 7 HCvsSZ, p = 0.90, 8 HCvsSZ, p = 0.87 9 HCvsSZ, p = 0.13, 10 HCvsSZ, p = 0.62.
to exclude fibers that did not project posteriorly from the corpus, such as temporal callosal fibers (Fig. 3b ). The exclusion ROI (axial) was placed on the dorsal-most slice of the corpus callosum, so as to exclude fibers that projected dorsally to the parietal cortex (Fig. 3b ). The remaining fibers connected the primary and secondary visual cortices bilaterally (see Fig. 3c and d).
After extraction of the visual callosal fibers, a binary label-map was generated for each participant by labeling those voxels through which any fibers passed. FA was calculated for each voxel as per the algorithm of Basser and Pierpaoli (1996) , and mean FA was calculated by averaging the FA values of the constituent voxels of the label-map. Mode was calculated for each voxel as per the algorithm of Ennis and Kindlmann (2006) , and average Mode was calculated in the same way as average FA. Mode is an index of the three-dimensional shape of the diffusion ellipsoid. Specifically, Mode describes whether the diffusion ellipsoid is prolate (i.e., shaped like a cigar, and associated with a Mode~1) or oblate (i.e., shaped like a pancake, and associated with a Mode~−1). FA and Mode are mathematically orthogonal, and two tensors with identical FA (i.e., equally aspherical) can have very different threedimensional shapes (Ennis and Kindlmann, 2006) .
Statistical analysis ERP data
A repeated measures ANOVA was used for the analysis of the amplitude and latency of the P1 and N1 components. Visual Field (LVF vs. RVF), Hemisphere (electrodes contra-vs. ipsilateral to the stimuli), and Electrode (4 pairs, see above in EEG Analysis) were entered in the analysis as within-subjects factors, and Diagnosis (SZ vs. HC) was entered as a between-subjects factor.
DTI data
Independent-samples t-tests were used to investigate for betweengroup differences in the FA and Mode of the visual fibers of the corpus callosum.
Relationship between IHTT and FA/Mode in the visual corpus fibers
IHTT was calculated for each of the 4 electrode pairs for both P1 and N1 by subtracting the latency of the component peak measured at the electrode contralateral to the visual stimulus from the latency of the component peak measured at the electrode ipsilateral to the stimulus. Linear regression was used to investigate whether it was possible to predict a participant's IHTT at each of the 4 electrode pairs (i.e., the response variable) on the basis of a linear combination of the FA and Mode of their visual corpus fibers (i.e., the predictor variables). The conservative Bonferroni correction for multiple comparisons was used to control for alpha inflation. Given the 4 electrode pairs and 2 ERP components, alpha was set to 0.05/8 = 0.00625.
Results
The grand averaged CSD waveforms recorded at electrode-pair P7/P8 in response to LVF and RVF stimuli in the SZ patients and HCs are presented in Fig. 4 . The P7 and P8 electrode sites were chosen for display as they exhibited among the largest P1 and N1 amplitudes to both contralateral and ipsilateral stimuli. Headmaps showing the amplitude topography of the P1 and N1 components are presented in Fig. 5 .
P1 amplitude
The main effect of diagnosis was not significant (F 1,51 = 0.001, p = 0.985), indicating that SZ and HC did not differ in P1 amplitude. There was a main effect of Hemisphere (F 1,51 = 16.986, p b 0.001), indicating that electrodes contralateral to the visual stimuli had larger P1 amplitudes than ipsilateral electrodes, as expected. This effect did not differ between groups (Diagnosis × Hemisphere interaction: F 1,51 = 2.355, p = 0.131). There was also a main effect of Electrode (F 3,153 = 7.742, p = 0.001), indicating that the 4 electrode pairs differed in terms of their P1 amplitude. No other significant main effects or interactions were found.
P1 latency
P1 latency did not differ between HC and SZ (Diagnosis: F 1,51 =0.174, p = 0.678). There was a main effect of Hemisphere (F 1,51 =33.781, p b 0.001), indicating that P1 latency was longer at electrodes ipsilateral vs. contralateral to the stimuli (see Fig. 6a ). Significant IHTTs were also observed in both the SZ patients (F 1,33 = 23.364, p b 0.001) and the HCs (F 1,19 = 14.064, p = 0.001) when the groups were considered separately. However, there was no Diagnosis× Hemisphere interaction (F 1,51 = 0.174, p = 0.678), demonstrating that IHTTs did not significantly differ between groups (Fig. 6b) . A significant VF × Hemisphere interaction was observed (F 1,51 = 4.939, p =0.031) (Fig. 6c ). Inspection of the data revealed that this was due to the IHTT from left-to-right hemisphere being shorter than IHTT from right-to-left hemisphere, across electrode pairs. There was a main effect of Electrode (F 3,153 = 11.865, p b 0.001), indicating that the 4 electrode pairs differed in terms of their P1 latency. No other significant main effects or interactions were found. In particular, there was no Diagnosis× VF × Hemisphere interaction (F 1,51 = 0.122, p =0.728) indicating that the pattern of faster transfer from left-to-right hemisphere than vice versa was similar between SZ and HC.
N1 amplitude
N1 amplitude did not differ between HC and SZ (F 1,51 = 0.025, p = 0.876). As for P1 amplitude, a main effect of Hemisphere (F 1,51 =46.187, p b 0.001) was found, indicating that N1 amplitude was greater over contralateral than ipsilateral electrodes, as expected. However, again as for P1 amplitude, there was no significant Diagnosis× Hemisphere interaction (F 1,51 =1.498, p = 0.227). There was a significant main effect of Electrode (F 3,153 =12.364, p b 0.001), and there was also a significant Electrode × Hemisphere interaction (F 3,153 = 5.960, p = 0.001), indicating that the electrode pairs differed in terms of the magnitude of the N1 contralaterality effect, which was maximal at the PO7/PO8 electrode pair and minimal at the PO9/PO10 electrode pair. The Diagnosis × Electrode interaction was also significant (F 3,153 = 3.368, p = 0.014), which was primarily due to the SZ showing non-significantly decreased N1 amplitudes at the P5/P6 electrode pair (F 1,51 = 2.230, p = 0.142) but non-significantly increased N1 amplitudes at the PO9/PO10 electrode pair (F 1,51 = 1.709, p = 0.197), relative to the HC. There were no other significant main effects or interactions.
N1 latency
N1 latency did not differ between groups (F 1,51 =0.042, p =0.839). There was a main effect of Hemisphere (F 1,51 =62.451, p b 0.001), demonstrating that N1 latency was longer at electrodes ipsilateral vs. contralateral to the stimuli (see Fig. 7a ). Significant IHTTs were also observed in both the SZ patients (F 1,33 =28.481, p b 0.001) and the HCs (F 1,19 =13.763, p= 0.001) when the groups were considered separately. The Diagnosis × Hemisphere interaction was not significant (F 1,51 =3.132, p =0.083), indicating that IHTTs did not differ between SZ and HC (see Fig. 7b ). In contrast to the P1 results, there was no VF × Hemisphere interaction for the N1 (F 1,51 = 2.342, p = 0.132), indicating that the IHTTs for left-to-right transfer did not differ from the IHTTs for right-to-left transfer (see Fig. 7c ). Nor was the Diagnosis ×VF ×Hemisphere interaction significant (F 3,153 =0.573, p =0.633). There was a main effect of Electrode (F 3,153 =5.314, p=0.002) but there was no Electrode ×Hemisphere interaction (F 3,153 =0.153, p =0.928). There were no other significant main effects or interactions.
DTI
No significant differences were observed between SZ and HC in terms of either their FA (t(33) = 0.001, p = 0.99) or Mode (t(33) = 0.317, p = 0.754) in the visual fibers of the corpus callosum (see Fig. 8 ). Fig. 2 . A schematic of the electrode pairs, shaded in black, that were investigated in the analyses of the P1 (top) and N1 components (bottom) of the visually-evoked potentials, and from which inter-hemispheric transfer times (IHTTs) were subsequently calculated. The P1 component was measured from electrodes P7/P8, P9/P10, PO7/PO8 and PO9/PO10. The N1 component was measured from electrodes P5/P6, P7/P8, PO7/ PO8 and PO9/PO10. These electrode pairs were chosen separately for each component on the basis that they showed the largest peak amplitudes to contralateral visual stimuli. Image modified from Oostenveld and Praamstra (2001) .
Relationship between IHTT and FA/Mode of the visual callosal fibers
A linear combination of the mean FA and Mode of the visual fibers of the corpus callosum accounted for a significant proportion (28.5%) of the variance in IHTT across both groups combined, when IHTT was estimated on the basis of P1 asymmetry measured from the P9/P10 electrode pair (Fig. 9 ).
IHTT P9 = P10
ð Þ= −283*FA + 72*Mode + 93;
R 2 = 0:285; F 2;34 = 6:391;p = 0:005
To control for the possibility of the regression being driven by between-group differences in IHTT and/or the diffusion measures, the Group × FA and Group × Mode interaction terms were added to the model. Adding these interaction terms did not significantly increase the amount of variance accounted for by the model, indicating that the relationship between IHTT and FA/Mode was comparable between the patient and control groups. Consistent with this finding, the regression model was similar and remained statistically significant when the HCs were considered alone: Similarly, the regression model was similar and remained statistically significant when the SZ patients were considered alone.
ð Þ= −329*FA + 44*Mode + 180; R 2 = :317; F 2;18 = 3:721; p = 0:047:
The correlation between IHTT and FA (alone) was highly significant for both groups combined (r(35) = −0.502, p = 0.002), and was also significant when the control participants (r(19) = −0.557, p =0.013) and schizophrenia participants (r(16) = −0.513, p = 0.042) were considered separately. A significant positive correlation was also observed across groups between FA and Mode (r(35) = 0.551, p = 0.001), which raised the issue of multicollinearity in the regression and 20 healthy controls (HC) for the P7/P8 electrode pair. The solid line in the top left panel, for example, represents the ERP evoked at electrode P8 when a square was presented in the left visual field (i.e., the visual field contralateral to the electrode). The dotted line in the top left panel, in contrast, represents the ERP evoked at electrode P7 when a square was presented in the left visual field (i.e., the visual field ipsilateral to the electrode). The P7 and P8 electrode sites were chosen for display as they exhibited among the largest P1 and N1 amplitudes to both contralateral and ipsilateral stimuli. model. However, the Variance Inflation Factor (VIF) associated with the model was 1.436, which is well within the limits for acceptable multicollinearity outlined by Myers (1990) .
In order to control for the possibility that the observed association between FA/Mode and IHTT was driven by variations in age and gender, we entered these variables into the regression model as nuisance covariates. The resulting model:
IHTT P9 = 10 ð Þ= −274*FA + 92*Mode + :62*Age + 14:7*Gender accounted for a significant proportion (36.8%) of the variance in IHTT (F 4,33 = 4.224, p = 0.008). Gender was the weakest predictor variable (β = 0.12, p = 0.425), and dropping it did not result in a significant reduction in the amount of variance accounted for by the model (R 2 -change=.014, Fchange 1,29 = 0.654, p = 0.425). The revised model:
IHTT P9 = 10 ð Þ= −276*FA + 87*Mode + :62*Age accounted for 35.4% of the variance in IHTT (F 3,33 = 5.478, p =0.004). To control for the possibility that the observed association between IHTT and FA/Mode was driven by within-subject variations in fiber length or fiber curvature, we calculated indices for these two variables and entered them into the regression analysis. Average fiber length was calculated by integrating the distance between consecutive points on each of the tractography-defined visual callosal fibers, and averaging over all fibers.
Mean curvature for each fiber was calculated by integrating the inverse of the radius of the osculating circle along the fiber and dividing by the fiber length. Average curvature for the entire bundle was then calculated by averaging the mean curvature of each fiber. Adding these variables did not significantly augment the amount of variance accounted for by the model (R 2 -change = 0.008, F 2,29 = 0.168, p = 0.846), and the revised model remained significant when these variables were included (F 4,33 =3.036, p = 0.033), indicating that the observed association between IHTT and FA/Mode was not being driven by within-subject variations in fiber length or fiber curvature. After Bonferroni correction, FA and Mode did not account for a significant proportion of the variance in IHTT when IHTT was estimated on the basis of the P1 latency asymmetry at the other three electrode pairs at which P1 was maximal (P7/P8: F 2,34 =0.518, p = 0.601; PO7/ PO8: F 2,34 = 1.630, p = 0.212; PO9/PO10: F 2,34 = 0.680, p = 0.514). When IHTT was estimated on the basis of the average of the P1 latencies calculated at each of the four electrode pairs, however, FA and Mode accounted for a near-significant proportion of the variance in IHTT (F 3,34 =2.84, p = 0.054, controlling for age). FA and Mode did not account for a significant proportion of the variance in IHTT when IHTT was estimated on the basis of the N1 latency asymmetry at four electrode pairs at which N1 was maximal (P5/P6: F 2,34 = 0.493, p = 0.615; P7/P8: F 2,34 = 0.213, p = 0.809, PO7/PO8: F 2,34 = 0.318, p = 0.73; PO9/PO10: F 2,34 =0.344, p = 0.711).
Discussion
There were five main findings in the present study:
1. Both SZ and HC exhibited highly significant differences (p b 0.001) in the latency of both the P1 and N1 components to unilaterallypresented visual stimuli at ipsilateral as opposed to contralateral electrode sites. In other words, highly significant IHTTs (of around 10 ms for P1 and 15 ms for N1) were observed in both participant groups. 2. Significantly longer IHTTs (estimated from P1) were observed, in both groups, for stimuli presented in the left visual field compared to those presented in the right visual field. In other words, interhemispheric transfer from the left-to-the-right hemisphere was shorter than from the right-to-the-left. 3. There were no significant differences in IHTT (calculated from either P1 or N1) between SZ and HC. 4. There were no significant differences between SZ and HC participants in terms of the diffusion properties of the visual fibers of the corpus callosum, as measured with FA and Mode. 5. Linear regression analysis revealed a predictable relationship between participants' IHTTs and the diffusion properties (i.e., FA and Mode) of their visual corpus fibers, such that participants with the lowest FA and highest Mode (i.e., most prolate diffusion ellipsoids) exhibited the longest IHTTs. In light of the fact that schizophrenia patients have consistently been shown to have subnormal levels of FA in numerous white-matter fasciculi (especially those projecting from the frontal lobe, such as the uncinate fasciculus, arcuate fasciculus and cingulum bundle (Kubicki et al., 2007; Whitford et al., in press) , the results of the linear regression suggest that schizophrenia may be associated with conduction delays along these fasciculi. Considering the deleterious effects that such conduction delays might be expected to have on neural coherence (Fries, 2005) , this possibility has significant implications for the prevailing connectivity theories of schizophrenia.
The estimated magnitude of the IHTT did not differ significantly between the four electrode pairs for either P1 (average 10 ms, ranging from 14 ms to 24 ms) or N1 (average 15 ms, with a range of 14 to 17 ms) (see Figs. 6 and 7) . These estimates are similar to the IHTTs reported for both P1 (Saron and Davidson, 1989 ) and N1 (Moes et al., 2007; Saron and Davidson, 1989) in previous ERP studies, illustrating the reliability of the basic approach. Our finding of asymmetric IHTTs to in response to LVF as opposed to RVF stimuli has been reported in several previous ERP studies, although the direction of these asymmetries has been Fig. 6 . P1 peak latencies to contralateral vs. ipsilateral visual stimuli. Panel (a) shows the P1 peak latencies to contralateral vs. ipsilateral stimuli for the four analyzed electrode pairs (P7/P8, P9/P10, PO7/PO8, PO9/PO10), across groups and visual fields. Panel (b) shows the P1 peak latencies to contralateral vs. ipsilateral stimuli for the SZ patients and healthy controls, across visual field and electrode pair. Panel (c) shows the P1 peak latencies to contralateral vs. ipsilateral stimuli for LVF and RVF stimuli, across group and electrode pair. Bars show the SEM. Fig. 7 . N1 peak latencies to contralateral vs. ipsilateral visual stimuli. Panel (a) shows the N1 peak latencies to contralateral vs. ipsilateral stimuli for the four analyzed electrode pairs (P5/P6, P7/P8, PO7/PO8, PO9/PO10), across groups and visual fields. Panel (b) shows the N1 peak latencies to contralateral vs. ipsilateral stimuli for the SZ patients and healthy controls, across visual field and electrode pair. Panel (c) shows the N1 peak latencies to contralateral vs. ipsilateral stimuli for LVF and RVF stimuli, across group and electrode pair. Error bars show the SEM. inconsistent. For example, while Nowicka et al. (1996) reported faster transfer from left-to-right hemisphere to visual gratings (consistent with the results of the present study), both Saron and Davidson (1989) and (Patston et al., 2007) observed faster transfer from right-to-left hemisphere for similar stimuli. The microstructural underpinnings of these IHTT asymmetries are unclear and represent a point of contention in the literature. Marzi et al. (1991) , for example, has argued that these asymmetries are underpinned by differences in the number of corpus axons projecting from the left hemisphere to the right and vice versa. In contrast, both Braun (1992) and Nowicka et al. (1996) have suggested that while both hemispheres contain comparable numbers of fast and slow-conducting callosal fibers, the brain has evolved to ensure "the fast transmission of information to the hemisphere which is more efficient in its processing [of the particular stimulus]" (Nowicka et al., 1996, p147) . Regardless of their physiological bases, the asymmetric IHTTs observed in the present study provide further evidence that cerebral lateralization is not limited to language-related functions, but instead occurs in a variety of sensorimotor and cognitive processes.
As illustrated in Figs. 6b and 7b , there were no significant differences between the SZ and HC participants in terms of their IHTTs. Furthermore, there were no significant Diagnosis × VF × Hemisphere interactions, indicating that both groups exhibited a similar pattern of asymmetric IHTTs (i.e., faster left-to-right transfer, as discussed above). This result is inconsistent with the findings of the three previous studies (to our knowledge) that have used ERPs to investigate for IHTT abnormalities to unilaterally-presented visual stimuli in patients with SZ Endrass et al., 2002) . Specifically, all three of these studies reported that while right-to-left transfer was faster than leftto-right in HCs, this asymmetry in IHTT was not present in schizophrenia patients. It should be noted, however, that there were substantial methodological differences between the present study and these three previous studies which could have contributed to the conflicting results.
Firstly, the present study estimated IHTT on the basis of P1 latency, in addition to N1 latency which was used in the aforementioned studies. The advantage of estimating IHTT on the basis of P1 latency is that the P1 represents an earlier stage of visual processing, likely to be closer to the point of initial interhemispheric transfer than the N1 (Saron and Davidson, 1989) . The N1 reflects a later stage of visual processing that is sensitive to object categorization, unlike the P1 (e.g., Bentin et al., 1996) . Furthermore, a recent study demonstrated that the hemispheric asymmetry of the N1 can reflect the relative rather than the retinotopic position of objects (Wascher et al., 2009) . Thus, the P1 may be a better component with which to estimate IHTT than the N1.
Secondly, the present study estimated IHTTs on the basis of CSD transformed data. CSD is advantageous for the comparison of peak latencies in that it minimizes the effects of two established confounds, namely volume conduction (which causes component spread and overlap) and common reference (which results in the component latencies being influenced by the activity of the reference electrode (Saron et al., 2003) ).
Thirdly, as per the study of (Endrass et al., 2002) but in contrast to the studies of the present study estimated IHTT from multiple posterior electrode pairs for both P1 and N1. These electrode pairs were chosen on the basis that they showed the largest component amplitudes to the visual stimuli at both the contralateral and ipsilateral electrode, and were thus anticipated to evince the most reliable peak latencies. Thus there are several potential methodological reasons why the results of the present study are different to the results of the three aforementioned studies.
No significant differences were observed between the schizophrenia and control participants in terms of either their FA or Mode in the visual fibers of the corpus callosum. Although this is the first DTI study (to our knowledge) that has specifically investigated for diffusion abnormalities in these particular fibers, the null result is consistent with the majority of studies that have investigated for diffusion abnormalities in primary sensorimotor fibers in schizophrenia patients in schizophrenia patients (e.g., Schneiderman et al., 2009; Shergill et al., 2007) . In contrast, diffusion abnormalities in general, and FA abnormalities in particular, have consistently been observed in the white-matter fasciculi that either connect the frontal lobes (e.g., genu of the corpus callosum; Whitford et al., 2010b) or project from the frontal lobes, including the uncinate (Burns et al., 2003) , arcuate (Phillips et al., 2009) , superior longitudinal fasciculus (Karlsgodt et al., 2008) and cingulum (Kubicki et al., 2003) . A recent meta-analysis by Ellison-Wright and Bullmore (2009) of fifteen voxel-based DTI studies also reported evidence for abnormalities in frontally-projecting fasciculi in patients with schizophrenia. In contrast, however, while Kanaan et al. (2005) identified DTI Fig. 9 . Scatterplot showing the relationship between standardized FA (horizontal axis) and standardized IHTT (vertical axis; calculated from the P1 latency difference between electrodes P9 and P10) in the 19 SZ patients (black dots) and 16 healthy controls (white squares). The line-of-best fit for the SZ patients is shown as a dashed line and the lineof-best-fit for the healthy controls is shown as a solid line.
abnormalities of some sort in 16 of the 19 studies analyzed, they did not identify a consistent pattern of abnormality, suggesting that while there is some evidence that the frontally-projecting fibers are preferentially affected in patients with schizophrenia, this point remains open to debate. Nevertheless, it is notable that in contrast to the primary sensorimotor fasciculi, which generally mature in utero or in early childhood, these frontally-projecting fasciculi are among the latest to structurally mature, with myelination typically continuing through adolescence and into early adulthood (Lebel et al., 2008; Schneiderman et al., 2009; Tamnes et al., 2010; Yakovlev et al., 1967) . In light of the fact that adolescence / early adulthood is the most common age-of-onset for SZ, it has been proposed that abnormalities in these developmental processes of periadolescent myelination could represent a root cause of the disorder (Bartzokis, 2002) .
The most significant finding of this paper was the discovery of an empirical relationship between IHTT-as quantified from the asymmetry in P1 latency at electrodes P9 and P10-and the diffusion properties of the visual callosal fibers, as quantified with the diffusion metrics of FA and Mode. Specifically, the regression model-which accounted for 28.5% of the variance in IHTT-revealed that an increase of 10 ms in IHTT was associated with a decrease of approximately 0.035 in FA (i.e., more isotropic diffusion ellipsoids) and an increase of 0.14 in Mode (i.e., more prolate diffusion ellipsoids). Whilst the relationship between Mode and white-matter integrity has not been well established-although a study by Kindlmann et al. (2007) found evidence that abnormally increased Mode was associated with abnormalities in crossing fibers-reductions in FA have consistently been associated with white-matter pathology, including in dysmyelinated mice (Harsan et al., 2006) , and patients with the demyelinating disease multiple sclerosis (Roosendaal et al., 2009) . Furthermore, such white-matter pathology has consistently been associated with slowed neural transmission velocity, for example in the slowed action potentials observed in dysmyelinated mice in situ (Roy et al., 2007) , and in the increased P1 latencies to visually-evoked potentials typically observed in multiple sclerosis patients with optic neuritis (Jones, 1993) . Hence our finding of a significant negative correlation between FA and IHTT (i.e., longer transmission times associated with lower FA and reduced white-matter integrity) is consistent with the available literature, and suggests that the established microscopic relationship between white-matter integrity and transmission velocity is observable at the macroscopic scale with neuroimaging. It should be acknowledged, however, that while transcallosal connections between the primary visual cortices have been identified in humans (Clarke and Miklossy, 1990; Saenz and Fine, 2010) and several other mammals including macaques (Kennedy et al., 1986) , cats (Payne, 1991) and tree-shrews (Bosking et al., 2000) , the extent and topographic organization of these callosal connections remains an ongoing topic of investigation in the neuroscience literature.
The observed relationship between FA/Mode and IHTT could also account for our failure to identify IHTT abnormalities in the schizophrenia patients, as the schizophrenia patients did not exhibit abnormalities in either FA or Mode in their visual corpus fibers. However, as mentioned previously, there are a number of fasciculiparticularly frontally-projecting fasciculi-in which SZ patients do show consistent and substantial diffusion abnormalities. Whilst there are significant differences between the microstructural properties of these frontally-projecting fasciculi and the visual callosum fibers investigated in the present study (e.g., Cherubini et al., 2009) , if a similar relationship existed between transmission velocity and FA/Mode in these frontal fasciculi, then schizophrenia patients would be expected to experience significant conduction delays in signals traveling along these fasciculi. Such conduction delays could disrupt the precise temporal synchronization that is necessary for effective communication between discrete populations of oscillating neurons (Fries, 2005) which, in line with the "connectivity" theories of SZ (Andreasen et al., 1999; Bartzokis, 2002; Bressler, 2003; Phillips and Silverstein, 2003) , could underpin the cognitive disorganization characteristic of the disorder.
A limitation of the present study relates to the fact the most of the schizophrenia patients had been taking antipsychotic medications for several years. This is problematic in light of research indicating that antipsychotic medications (both typical and atypical) can influence brain structure and function in and of themselves (Konopaske et al., 2008) . It should be reiterated that the schizophrenia patients in the present study did not exhibit abnormalities in either their IHTTs or in the diffusion properties of their visual corpus fibers, and furthermore did not show a differential relationship between FA/Mode and IHTT to that of the HCs. Nevertheless, it would be highly advantageous if the results of the present study could be replicated in a sample of neuroleptic-naïve SZ patients. It should also be acknowledged that the P9/P10 electrode pair, which was the site of the one significant IHTT/DTI correlation, does not lie directly over the end-points of the visual CC fibers extracted from the DTI data. Notwithstanding recent developments in high-density electrode setups, however, the spatial resolution of standard, scalp-recorded EEG is typically no better than several centimeters (Srinivasan et al., 1998) . Given this technical limitation, it was not feasible to predict a priori, on the basis of their spatial locations, which electrode pair would provide the most reliable measure of IHTT. In light of this, we instead investigated for IHTT/ DTI correlations in a battery of four electrode pairs, and subsequently performed a conservative correction for multiple comparisons. That is, rather than an a priori selection based on their spatial locations, these four electrode pairs were selected a posteriori on the basis of the magnitude of their visual-evoked potentials. Finally, it should also be acknowledged that a number of longitudinal fasciculi pass close to the visual CC fibers, including the inferior longitudinal fasciculus and the inferior frontooccipital fasciculus, and hence that possibility that some of the voxels defined by the labelmaps were influenced by crossing fibers cannot be discounted. However, given the fact that average Mode was highly positive (N0.6) in these fibers, combined with the fact that Mode is typically sub-zero in voxels severely influenced by fiber crossings (Ennis and Kindlmann, 2006) suggests that the majority of voxels defined by labelmaps were not significantly influenced by crossing fibers.
In summary, the present study identified highly significant IHTTs to unilaterally-presented stimuli in both healthy individuals and chronic schizophrenia patients. IHTT (calculated from the P1 component) from left-to-right hemisphere was found to be significantly faster than from right-to-left hemisphere, across groups. The schizophrenia patients did not exhibit abnormalities in either the magnitude or asymmetry of their IHTTs, nor did they exhibit abnormalities in the diffusion properties (quantified with FA and Mode) of the visual fibers of the corpus callosum. However, linear regression indentified a significant relationship, in both groups, between IHTT and the diffusion properties of the visual callosum fibers, such that participants with the lowest FA and highest Mode exhibited the longest IHTTs. If such a relationship held in such frontallyprojecting fasciculi-fasciculi that have consistently been found to be structurally abnormal in schizophrenia-this would imply the presence of conduction delays along these fibers in schizophrenia patients. Such conduction delays could potentially disrupt neural coherence, which could represent the neural basis of the "cognitive dysmetria" that has been proposed to underlie the disease (Andreasen et al., 1999) .
Wassermann of Harvard Medical School for his assistance in calculating the length and curvature of the callosal fibers.
